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SUMMARY

 

The role of the Th1/Th2 balance in the pathogenesis of murine Graves’ hyperthyroidism is controversial.
In BALB/c mice injected with adenovirus expressing TSH receptor (TSHR-adeno model), we found
that suppression of TSHR-specific Th1 immune responses by exogenous interleukin-4 (IL-4), 

 

a

 

-
galactosylceramide or helminth (

 

Schistosoma mansoni

 

) infection was associated with inhibition of
hyperthyroidism, indicating the critical role for Th1 cytokines. In contrast, BALB/c IL-4 knockout
(KO), but not interferon-

 

g

 

 (IFN-

 

g

 

) KO mice failed to develop Graves’ hyperthyroidism when injected
with TSHR-expressing M12 B lymphoma cells (TSHR-M12 model), suggesting the importance of Th2
cytokine IL-4. To reconcile differences in these two models, we used IL-4 KO and IFN-

 

g

 

 KO BALB/c
mice in the TSHR-adeno model. Unlike wild-type (wt) BALB/c mice in which 60% developed hyper-
thyroidism, only 13 and 7% of IL-4 KO and IFN-

 

g

 

 KO mice, respectively, became hyperthyroid. Thyroid
stimulating antibodies were positive in most hyperthyroid mice. TSHR antibody titres determined by
TSH binding inhibition and ELISA were comparable in all three groups. IgG1 and IgG2a TSHR anti-
body titres were similar in IFN-

 

g

 

 KO and wt mice, whereas IgG1 TSHR antibody titres and TSHR-
specific splenocyte IFN-

 

g

 

 secretion were lower in IL-4 KO than in IFN-

 

g

 

 KO and wt mice, respectively.
Our results clearly implicate both IFN-

 

g

 

 and IL-4 in development of hyperthyroidism in the TSHR-
adeno model. These data, together with the previous report, also indicate different cytokine require-
ments in these two Graves’ models, with IFN-

 

g

 

 being more important in the TSHR-adeno than the
TSHR-M12 model. Moreover, our previous and present observations indicate a difference in the role of
exogenous 

 

versus

 

 endogenous IL-4 in TSHR-adenovirus induced Graves’ hyperthyroidism.
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INTRODUCTION

 

The pathogenesis of Graves’ hyperthyroidism is characterized by
humoral autoimmune responses, that is, hyperthyroidism is
induced by stimulatory autoantibodies against the TSH receptor
(TSHR) (thyroid stimulating antibodies, TSAb) [1], suggesting
the importance of Th2 responses. However, the role of the Th1/
Th2 balance in the pathogenesis of murine experimental Graves’
hyperthyroidism is controversial. In our Graves’ model involving

intramuscular injection of adenovirus coding for the TSHR
(TSHR-adeno model) [2], as well as in the model using TSHR-
expressing B lymphoma M12 cells (TSHR-M12 model) [3], the
anti-TSHR immune response is characterized by mixed Th1 and
Th2 phenotypes, as demonstrated by TSHR antibodies of sub-
classes IgG1 (Th2) and IgG2a (Th1) and TSHR antigen-specific
splenocyte secretion of Th1 cytokine interferon-

 

g

 

 (IFN-

 

g

 

) and Th2
cytokines interleukin-4 (IL-4) or IL-10 [4,5]. However, in the
TSHR-adeno model, immune deviation away from Th1 by
coinjecting IL-4 expressing adenovirus, administration of 

 

a

 

-
galactosylceramide or helminth (

 

Schistosoma mansoni

 

) infection
suppressed hyperthyroidism, indicating a critical role for Th1
responses in disease pathogenesis [4,6]. In contrast, in the TSHR-
M12 model, hyperthyroidism was prevented in IL-4 knockout
(KO), but not IFN-

 

g

 

 

 

 KO mice [5], suggesting the importance of
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the Th2 cytokine IL-4. To reconcile these contradictory data
obtained with different models, in the present study we studied
the outcome of immunizing IL-4 KO and IFN-

 

g

 

 KO mice with
TSHR-adenovirus.

 

MATERIALS AND METHODS

 

Immunization with Ad-TSHR289

 

Construction, amplification, purification of nonreplicative recom-
binant adenovirus expressing the human TSHR A subunit (Ad-
TSHR289) and determination of the viral particle concentration
were performed as previously described [7]. Female wild type
(wt) BALB/c mice (eight to 12 weeks old; Charles River Labora-
tory Inc., Tokyo, Japan) and IFN-

 

g

 

 KO and IL-4 KO BALB/c mice
(Jackson Laboratory Inc., Bar Harbor, ME, USA) [8] were
injected in the quadriceps with 100 

 

m

 

l PBS containing 10

 

10

 

 parti-
cles of Ad-TSHR289 twice at a three-week-interval. Blood,
spleens and thyroid tissues were obtained two weeks after the sec-
ond immunization. Thyroid histology was examined on formalin-
fixed tissue sections stained with haematoxylin and eosin. All
experiments were conducted in accordance with the principles
and procedures outlined in the Guideline for the Care and Use of
Laboratory Animals in Nagasaki University. Mice were kept in a
conventional housing; our previous data demonstrate no influ-
ence of housing conditions on occurrence of hyperthyroidism in
our model [9].

 

Thyroxine (T

 

4

 

), TSAb and TSH binding inhibiting antibodies 
(TBIAb) measurements

 

Total serum T

 

4

 

 was measured with a radioimmunoassay kit (RIA-
gnost tT

 

4

 

, Nippon Schering, Osaka, Japan) with 20 

 

m

 

l. The normal
range was defined as the mean 

 

±

 

 3 SD. of control untreated mice.
TSAb activities in mouse sera were measured with FRTL5 cells
and 5 

 

m

 

l sera as previously described [4]. cAMP released into the
medium was measured with a cAMP radioimmunoassay kit
(Yamasa, Tokyo, Japan). Values greater than 150% of those
obtained in control, naïve mice were considered positive. TBIAb
values were determined using human recombinant TSHR protein
(a TRAb kit; BRAHMS Diagnostica GmbH, Berlin, Germany)
and 10 

 

m

 

l sera. TSH binding inhibition 

 

>

 

15% compared with TSH
binding in control serum was considered positive.

 

ELISA for anti-TSHR antibodies

 

ELISA wells were coated overnight with 100 

 

m

 

l TSHR289 protein
(1 

 

m

 

g/ml) [5] and incubated with mouse sera (1 : 30 dilution).
After incubation with horseradish peroxidase conjugated anti-
mouse IgG (diluted 3000

 

¥

 

, A3673, Sigma), or subclass-specific
anti-mouse IgG1 and IgG2a (diluted 1000

 

¥

 

 and 1500

 

¥

 

; X56 and
R19-15, BD PharMingen, San Diego, CA, USA), colour was
developed using orthophenylene diamine and H

 

2

 

O

 

2

 

 as substrate
and optical density read at 492 nm.

 

Cytokine assays

 

Splenocytes were cultured (triplicate aliquots) at 5 

 

¥

 

 10

 

5

 

 cells per
well in a 96-well round bottomed plate in the presence or absence
of 5 

 

m

 

g/ml TSHR289 protein or 5 

 

m

 

g/ml concanavalin A (Con A).
Four days later, the concentrations of IFN-

 

g

 

 and IL-4 in the cul-
ture medium were determined with ELISA kits (Biosource Inter-
national, Camarillo, CA, USA). Cytokine production was
expressed as pg/ml using standard curves of recombinant mouse
cytokines.

 

Statistical analysis

 

Levels of antibodies and cytokines, and incidence of hyperthy-
roidism were analysed by a nonparametric Mann–Whitney 

 

U

 

-test
and/or by 

 

c

 

2

 

 test. A 

 

P

 

-value of 

 

<

 

0·05 was considered statistically
significant.

 

RESULTS

 

Wt, IFN-

 

g

 

 KO and IL-4 KO BALB/c mice were immunized with
10

 

10

 

 particles/mouse of Ad-TSHR289 twice (three weeks apart)
and euthanized two weeks after the second immunization to
obtain blood, spleens and thyroid glands. In 9 of 15 (60%) wt mice
immunized with Ad-TSHR289, serum T

 

4

 

 levels were elevated
compared with the upper limit for naïve mice (mean 

 

+

 

 3 SD.)
(Fig. 1a). In contrast, T

 

4

 

 levels were only elevated in 1 of 15 (7%)
IFN-

 

g

 

 KO mice and 2 of 15 (13%) IL-4 KO mice. Consequently,
hyperthyroidism was significantly suppressed in both cytokine
KO strains (

 

P

 

 

 

<

 

 0·01). Overall, T

 

4

 

 levels in immunized wt mice
(8·9 

 

±

 

 5·0 

 

m

 

g/dl; mean 

 

±

 

 S.D) were significantly higher than in
naïve mice and in immunized IL-4 KO and IFN-

 

g

 

 KO mice
(4·7 

 

±

 

 1·3, 4·5 

 

±

 

 2·8 and 4·6 

 

±

 

 2·4, respectively; 

 

P

 

 

 

<

 

 0·01). The
hyperthyroid mice had diffuse goiters with hyperplasia and hyper-
trophy of thyroid epithelial cells but no lymphocytic infiltration
(data not shown), as previously reported [4,7].

In TSHR antibody assays, TSAb was positive in most hyper-
thyroid mice (Fig. 1b). The TSAb positivity was significantly
higher than other three groups (

 

P

 

 

 

<

 

 0·01). However, unlike the
striking differences in T

 

4

 

 and TSAb levels in wt mice 

 

versus

 

 cytok-
ine knockout mice, TBIAb levels were comparable in all three
groups (Fig. 1c).

TSHR antibody titres determined by ELISA were also similar
in all three groups of Ad-TSHR289 immunized mice (Fig. 2a).
IgG1 and IgG2a TSHR antibody levels were comparable in wt
and IFN-

 

g

 

 KO mice (Fig. 2b,c). In IL-4 KO mice, IgG1 TSHR
antibody levels tended to be lower and IgG2a levels higher than
in the other two groups. However, because of variability in anti-
body titres between individual mice, only IgG1 TSHR antibody
levels were significantly lower in IL-4 KO than in IFN-

 

g

 

 KO mice
(Fig. 2b). Finally, the ratios of IgG1 to IgG2a TSHR antibodies in
IL-4 KO mice were significantly lower than in wt and IFN-

 

g

 

 mice
(Fig. 2d).

In assays for splenocyte cytokine secretion, as expected, Con
A failed to induce IFN-

 

g

 

 secretion in IFN-

 

g

 

 KO mice (Fig. 3a) or
IL-4 in IL-4 KO mice (Fig. 3b), while both cytokines were pro-
duced by splenocytes from wt mice. In response to 

 

in vitro

 

 stim-
ulation with TSHR289 protein, splenocytes from immunized wt
mice produced IFN-

 

g

 

, as previously described [4]. However,
unlike wt mice, the IFN-

 

g

 

 response of splenocytes from IL-4 KO
mice challenged with TSHR289 protein was impaired (Fig. 3c).
Indeed, this cytokine was secreted spontaneously by splenocytes
incubated in medium alone and was not significantly increased in
response to TSHR289 protein. IL-4 was not secreted in response
to TSHR289 protein by splenocytes from any group (Fig. 3d).

 

DISCUSSION

 

The present study was designed to explore the difference in Th1/
Th2 bias reported for two models of Graves’ hyperthyroidism
induced in BALB/c mice. Recently, Dogan 

 

et al

 

. [5] prevented
induction of hyperthyroidism using TSHR-expressing M12 B cells
in IL-4 KO but not in IFN-

 

g

 

 KO mice. In contrast, we now show
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that both IL-4 KO and IFN-

 

g

 

 KO mice are protected from devel-
oping hyperthyroidism induced using TSHR-adenovirus. Taken
together, these findings indicate different cytokine requirements
for the two murine models. In particular, IFN-

 

g

 

 appears to be
more critical for induction of hyperthyroidism in the TSHR-
adeno model than in the TSHR-M12 model. However, in both
models, TSHR antibody levels measured by TBI and ELISA were
unchanged in the two cytokine KO strains. Consequently, IFN-

 

g

 

and/or IL-4 appear to be required for progression to clinically
overt hyperthyroidism, but not for initiation of autoimmunity
against the TSHR. Another difference in cytokine requirements
between two models is also evident from the previous studies;
transient immune deviation away from Th1 at the time of antigen-
priming was sufficient to suppress hyperthyroidism in the TSHR-
adeno model [4,6], whereas transient polarization to either Th1
(by fms-like tyrosine kinase 3 ligand) or to Th2 (by granulocyte
macrophage-colony stimulating factor) had no effect in the
TSHR-M12 model [5].

Although the reason(s) for different IFN-

 

g

 

 requirements for
development of hyperthyroidism in the two models is presently
unclear but may be partly attributed to different immunization
protocols. As shown by our studies [4] as well as those of Barrett

 

et al

 

. [10], coexpression of IL-4, but not IL-12, suppressed hyper-
thyroidism induced by intramuscular injection of adenovirus or
intradermal injection of plasmid encoding the TSHR. These
observations suggest a critical role for Th1 immune responses in
models based on genetic immunization. On the other hand, Th2
immune responses appear to be more relevant for hyperthyroid-
ism induced by injecting cell lines stably expressing the TSHR
(full-length or truncated). In support of the observations of
Dogan 

 

et al

 

. [5], Th1 adjuvants delayed, while Th2 adjuvants
accelerated, hyperthyroidism in AKR/N mice induced by inject-
ing fibroblasts coexpressing the TSHR and MHC class II (‘Shi-
mojo model’) [11]. Moreover, in another Graves’ model involving
injection of 293 human embryonic kidney (HEK) cells expressing
the TSHR ectodomain [3], hyperthyroidism was suppressed in
mice deficient in Stat-6, a Th2 signalling molecule [12]. It is impor-
tant to note that hyperthyroidism induced by injecting TSHR-
expressing M12 B cells or 293HEK cells usually involved coad-
ministration of cholera toxin B subunit, a Th2 adjuvant [5,12].
Clearly, this modification could contribute to the difference 

 

in

 

Th1/Th2 balance observed in different BALB/c models.
It should be appreciated that the observations by Dogan 

 

et al

 

.
[5] do not necessarily imply that IFN-

 

g

 

 is a dispensable cytokine in
the in TSHR-M12 model. As noted by Steinman [13] in regard to
other induced models of autoimmunity, IFN-

 

g

 

 may be critical for
the induction of hyperthyroidism in wt mice, yet hyperthyroidism
still occurs in IFN-

 

g

 

 KO mice. The basis for this apparent paradox
is that the absence of a particular cytokine following gene disrup-
tion may be compensated by other cytokines. That is, there is
redundancy in cytokine actions. Moreover, it is unlikely that dis-
ease pathology can be attributed to a single cytokine/mediator.

The outcome of gene disruption of IFN-

 

g

 

 and IL-4, or their
respective receptors, on other autoimmune diseases is variable
and possible mechanisms have been extensively discussed else-
where [14–30]. Focusing on autoantibody-mediated diseases such
as lupus erythematosus [14,15] and myasthenia gravis [16–18], dis-
ruption of IFN-

 

g

 

 (or the IFN-

 

g

 

 receptor) generally ameliorated
disease activity. Accordingly, three autoantibody-mediated
autoimmune diseases (lupus erythematosus, myasthenia gravis
and Graves’ hyperthyroidism) are all found to involve IFN-

 

g

 

.

 

Fig. 1.

 

(a) T

 

4

 

, (b) TSAb and (c) TBIAb in wt, IFN-

 

g

 

 KO and IL-4 KO
BALB/c mice immunized with AdTSHR289. Mice were immunized twice
with AdTSHR289 with a three weekly interval and studied two weeks after
the second injection. Data are the means of duplicate determinations. 

 

�

 

euthyroid and 

 

�

 

 hyperthyroid mice; horizontal lines, the upper limits of
each assay in naïve mice; *

 

P

 

 

 

<

 

 0·01 

 

versus

 

 other three groups by chi-square
and Mann–Whitney 

 

U

 

-tests; **

 

P

 

 

 

<

 

 0·01 

 

versus

 

 other three groups by chi-
square test.
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Fig. 2. Anti-TSHR antibody titres analysed by ELISA for IgG class and IgG1 and IgG2a subclasses. Data are the means of duplicate
determinations. P < *0·05 and **0·01 by Mann–Whitney U-tests.
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These results are not surprising, at least for lupus and myasthenia,
because Th2 deviation in the absence of a functional IFN-g sig-
nalling pathway decreased the titre of Th1 subclass autoantibod-
ies that mediate tissue inflammation/damage, namely IgG3
cryoglobulins and/or complement-activating IgG2a and IgG3.
However, in cell-mediated autoimmune diseases, including type 1
diabetes [19–21], collagen-induced arthritis [22–24], experimental
autoimmune encephalomyelitis (EAE) [25–27], uveitis [28] and
thyroiditis [29,30], in which IFN-g is considered indispensable for
disease pathology, the absence of IFN-g or IFN-gR does not nec-
essarily ameliorate disease. Paradoxically, collagen-induced
arthritis and EAE were exacerbated in IFN-g deficient mice
[23,24,26,27].

Another intriguing finding is the difference in the effects of
exogenous versus endogenous IL-4 on TSHR-adeno-induced
hyperthyroidism. Hyperthyroidism is suppressed by both tran-
sient over-expression of exogenous IL-4 (our previous study
[4]); and by the lack of endogenous IL-4 by gene disruption
(present study). As expected, we found previously that pharma-
cological amounts of exogenous IL-4 (provided by coinjecting
IL-4 expressing adenovirus) polarized TSHR-specific immune
response towards Th2, as demonstrated by increased IgG1 to
IgG2a ratios of TSHR antibodies and impaired antigen-induced
secretion of IFN-g by splenocytes. In contrast, in IL-4 KO mice,
the absence of endogenous IL-4 had a mixed outcome, namely
decreased IgG1 to IgG2a ratios (implying deviation towards
Th1) and blunted IFN-g responses to TSHR289 protein by sple-
nocytes (suggesting deviation away from Th1). How can these
apparently contradictory findings be explained? Besides its Th2-
promoting function, IL-4 is also reported to have a profound
effect on Th1 immune responses [31,32]. Consequently, the lack
of endogenous IL-4 simultaneously dampens the pathogeni-
cally critical Th1 immune response, thereby preventing Graves’
hyperthyroidism. That is, the IL-4 KO mouse has two ‘defects’,
not a single defect. Incidentally, although IFN-g is the proto-
type Th1 cytokine, it also promotes the development of patho-
logical autoantibodies via its influence on B cell maturation and
antibody secretion [33,34].

In  conclusion,  we  have  shown  that  disruption  of  IFN-g  or
IL-4 in BALB/c mice suppresses the induction of Graves’ hyper-
thyroidism by TSHR-adenovirus immunization, probably by
inhibiting the pathogenic TSHR specific Th1 immune response.
Combined with previous observations [5], our present data indi-
cate different cytokine requirements in two murine Graves’ mod-
els. IFN-g is more important in the TSHR-adenovirus model than
in the TSHR-M12 model. Therefore, one should be cautious in
drawing conclusions from a single animal model of disease. Mul-
tiple animal models appear to be necessary to provide insight into
Graves’ hyperthyroidism in humans.
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